Introduction
============

Docetaxel, a second-generation taxane, is widely used in the treatment of breast cancer, non-small cell lung cancer, prostate cancer, gastric adenocarcinoma, and head/neck cancers.[@b1-ijn-9-495] It acts as a promoter of microtubule polymerization, leading to cell cycle arrest at G2/M, apoptosis, and cytotoxicity.[@b2-ijn-9-495],[@b3-ijn-9-495] An intravenous formulation of docetaxel is currently marketed (Taxotere®, Sanofi SA, Paris, France). However, it contains a high concentration of Tween 80, a nonionic surfactant that has been associated with severe hypersensitivity reactions.[@b4-ijn-9-495] Moreover, intravenous administration has several drawbacks, including morbidity related to the intravenous access site, risk of catheter-related infection, potential thrombosis and extravasation, and the presence of particulate matter in infusion preparations.[@b5-ijn-9-495]

Oral chemotherapy would have advantages over the current intravenous chemotherapy regimen.[@b6-ijn-9-495],[@b7-ijn-9-495] Oral treatment of cancer is noninvasive and cost-saving in terms of time and labor, and is available to outpatients, resulting in better patient compliance and improved quality of life, particularly for patients with advanced or relapsed cancer and the elderly.[@b8-ijn-9-495]--[@b10-ijn-9-495] Moreover, oral administration of anticancer drugs can provide a prolonged systemic exposure profile with less fluctuation, which may lead to lower toxicity and improved efficacy.[@b11-ijn-9-495],[@b12-ijn-9-495] Thus, oral chemotherapy for docetaxel may be a desirable alternative to the current intravenous infusion regimen.

Unfortunately, clinical application of docetaxel via the oral route is hindered due to its poor oral bioavailability.[@b13-ijn-9-495] It is generally believed that P-glycoprotein (Pgp)-mediated efflux in the intestine and cytochrome P450 (CYP)3A-mediated first-pass metabolism in the intestine and/or liver, together with poor aqueous solubility (0.025 μg/mL), are primarily responsible for the low oral bioavailability of docetaxel.[@b14-ijn-9-495],[@b15-ijn-9-495] Several studies have shown that the oral bioavailability of docetaxel can be enhanced significantly by coadministration of Pgp and/or CYP3A inhibitors, such as cyclosporin A, ritonavir, interferon-alpha, and ontogen (ONT-093).[@b14-ijn-9-495],[@b16-ijn-9-495]--[@b18-ijn-9-495] However, the usefulness of these drugs in clinical practice is limited, especially for repeated administration, because of the risk of side effects, which include immunosuppression.[@b19-ijn-9-495]

Solid lipid nanoparticles (SLNs) are submicron (50--1,000 nm) colloidal particulate systems composed of physiologically tolerable lipid components, which remain in the solid state at room temperature.[@b20-ijn-9-495] SLNs represent an alternative drug delivery system to emulsions and polymeric nanoparticles.[@b21-ijn-9-495] They can overcome the membrane stability and drug-leaching problems associated with emulsions and the toxicity problems of polymeric nanoparticles.[@b22-ijn-9-495] SLN systems can solubilize poorly water-soluble drugs and provide controlled release.[@b20-ijn-9-495] The lipid core of SLNs has been reported to stimulate chylomicron formation and facilitate lymphatic uptake, which can bypass hepatic first-pass drug metabolism.[@b23-ijn-9-495],[@b24-ijn-9-495] Moreover, SLNs generally contain lipophilic or hydrophilic surfactants as stabilizers, some of which have been reported to inhibit Pgp-mediated efflux.[@b5-ijn-9-495],[@b25-ijn-9-495] Thus, SLNs have attracted much interest as an oral delivery system for lipophilic drugs with poor bioavailability. To date, SLNs have been used successfully as one of the oral drug delivery systems for enhancing the bioavailability of lipophilic drugs, such as cyclosporin A, nitrendipine, testosterone, halofantrine, paclitaxel, vinpocetine, quercetin, and lopinavir.[@b5-ijn-9-495],[@b20-ijn-9-495],[@b23-ijn-9-495],[@b26-ijn-9-495] These characteristics make SLNs an attractive oral delivery system for docetaxel.

Herein, we report on surface-modified SLNs for oral delivery of docetaxel. The SLNs were prepared by a solvent-diffusion method using biodegradable and biocompatible materials, including tristearin, Tween 80, and D-α-tocopherol polyethylene glycol 1000 succinate (TPGS 1000). Tween 80 is currently used as a surfactant in the intravenous formulation of docetaxel (Taxotere). Moreover, TPGS 1000 is widely used as a surfactant in the pharmaceutical industry, and has been reported to enhance the intestinal absorption and bioavailability of paclitaxel, the structural analog of docetaxel, due to its potent Pgp-inhibiting activity.[@b27-ijn-9-495] Thus, Tween 80 and TPGS 1000 were employed as surfactants for preparing docetaxel-loaded SLNs in this study. The SLNs were then characterized in terms of their particle size distribution, zeta potential, drug loading, and particle morphology. Drug release from the SLNs was assessed using a dialysis method. Moreover, in situ intestinal absorption, in vivo intestinal lymphatic uptake, and in vivo oral pharmacokinetic and toxicity studies of docetaxel-loaded SLNs and Taxotere were undertaken in rat models.

Materials and methods
=====================

Materials
---------

Docetaxel was purchased from Taihua Co (Xi'an, People's Republic of China). Butyl 4-hydroxybenzoate (internal standard for the high-performance liquid chromatographic \[HPLC\] analysis of docetaxel), paclitaxel (internal standard for the liquid chromatography/tandem mass spectrometry \[LC-MS/MS\] of docetaxel), Tween 80, and TPGS 1000 were purchased from Sigma-Aldrich (St Louis, MO, USA). Tristearin was purchased from Tokyo Chemical Industry Co (Tokyo, Japan). Other chemicals were of reagent or HPLC grade.

Preparation of docetaxel-loaded SLNs
------------------------------------

Docetaxel-loaded SLNs were prepared by the solvent-diffusion method in an aqueous system, as reported elsewhere but with slight modifications.[@b28-ijn-9-495]--[@b30-ijn-9-495] Briefly, 150 mg of tristearin and 10 mg of docetaxel were dissolved completely in a 10 mL mixture of acetone and ethanol (1:1, v/v) in a water bath at 70°C. The resulting organic solution was dispersed quickly into 100 mL of an aqueous phase containing 0.01% (w/v) of Tween 80 (F1) or 0.01% (w/v) of TPGS (F2) under continuous mechanical agitation at 400 rpm in a water bath at 70°C for 5 minutes. The resulting pre-emulsion (melted lipid droplets) was ultrasonicated at 30 W for 10 minutes and subsequently transferred into an ice bath to solidify the lipid droplets. The dispersion was then purified by dialysis against distilled water for 12 hours to remove water-soluble impurities (organic solvents and nonadsorbed surfactants) and subsequently centrifuged (1,600 × *g*, 5 minutes) to remove large lipid particles and precipitate free docetaxel. The supernatant was lyophilized, redispersed in distilled water, vortex-mixed, centrifuged, and syringe-filtered (Minisart RC15 0.2 μm; Sartorius Biotechnology, Göttingen, Germany) to obtain a docetaxel-loaded SLN dispersion. A drug-free SLN dispersion was prepared in the same manner, with the exception that the 10 mg of docetaxel was replaced with 10 mg of tristearin.

Drug entrapment efficiency and loading content
----------------------------------------------

Drug entrapment efficiency (EE) and loading content (LC) were determined as reported previously.[@b31-ijn-9-495] An 0.1 mL aliquot of docetaxel-loaded SLNs was added to 1 mL of acetone and ethanol (1:1, v/v) at 70°C, and the mixture was vortex-mixed for 24 hours. The mixture was then centrifuged to separate the undissolved components, and the supernatant containing the drug extracted from the SLNs was analyzed using an HPLC method. The equations for drug EE and LC are as follows:
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where W~SLNs~, W~total~, and W~lipid~ represent the amount of drug in the SLNs, amount of drug added, and amount of excipients added, respectively.

Characterization of docetaxel-loaded SLNs
-----------------------------------------

### Particle size and zeta potential

The particle size, polydispersity index, and zeta potential of the drug-free (blank control) and docetaxel-loaded SLNs were measured using a dynamic light-scattering instrument (ELS-Z; Otsuka Electronics, Tokyo, Japan; dilution factor 1; refractive index 1.3328).

### Transmission electron microscopy

The morphology of the docetaxel-loaded SLNs was examined using an energy-filtering transmission electron microscope (Libra120, Carl Zeiss, Göttingen, Germany) with an accelerating voltage of 80 kV. The SLNs were negatively stained by 2% sodium phosphotungstate (pH 7) and placed on carbon-coated, 400-mesh copper grids, followed by drying at room temperature before use.

In vitro drug release study
---------------------------

The in vitro release of docetaxel from SLNs, compared with Taxotere, a parenteral formulation of docetaxel, was evaluated using the dialysis method.[@b32-ijn-9-495],[@b33-ijn-9-495] Taxotere was prepared by dissolving docetaxel (10 mg/mL) in distilled water containing 25% (w/v) of Tween 80 and 9.75% (v/v) of ethanol. Aliquots of Taxotere and docetaxel-loaded SLNs (200 μL) were placed in mini dialysis kits (molecular weight cutoff 12--14 kDa; Gene Bio-Application Ltd., Kfar Hanagid, Israel) and immersed in 20 mL of release medium (0.5% of Tween 80 in phosphate-buffered saline, pH 7.4) in a shaking incubator at 100 rpm at 37°C. Aliquots of dissolution medium (0.5 mL) were then withdrawn, and the concentration of docetaxel was determined by HPLC after appropriate dilution with methanol. The cumulative percent release of docetaxel from the SLNs was calculated and plotted as a function of time.

Animals
-------

Protocols for the animal studies were approved by the Institutional Animal Care and Use Committee of Seoul National University (Seoul, Republic of Korea). Male Sprague Dawley rats (aged 7--9 weeks, weighing 200--250 g) were purchased from Orient Bio Inc (Seongnam, South Korea). They were maintained in a clean room (Animal Center for Pharmaceutical Research, College of Pharmacy, Seoul National University) at a temperature of 20°C--23°C with 12/12-hour light (7 am to 7 pm)/dark (7 pm to 7 am) cycles, and a relative humidity of 50%±5%. The rats were housed in metabolic cages (Tecniplast, Varese, Italy) under filtered, pathogen-free air, with food (Agribrands Purina Korea, Pyeongtaek, South Korea) and water available ad libitum.

In situ closed-loop study in rats
---------------------------------

The absorption of docetaxel from Taxotere and from the docetaxel-loaded SLNs in various rat intestinal segments was evaluated using an in situ closed-loop study.[@b10-ijn-9-495] After a minimal abdominal incision under light ether anesthesia and sufficient washing of the contents within the gastrointestinal tract, jejunum, ileum, and colon loops each 5 cm in length were closed by ligations made approximately 2 cm distal to the ends of each intestinal section. Special care was taken to avoid damaging blood vessels and to include as much of a complete mesenteric blood vessel arch as possible in each loop. After injection of the docetaxel formulations (1 mg docetaxel; \~0.5 mL) into each loop using a 1 mL syringe with a 31 gauge needle, the whole gastrointestinal tract was carefully replaced into the abdominal cavity, and the incision was closed using clamps and kept moist by covering with gauze pads presoaked in normal saline. The rat was warmed using a lamp. At 120 minutes after drug injection, each loop was removed, transferred into a beaker containing 50 mL of methanol, and the gastrointestinal tract was cut into small pieces using scissors to facilitate the extraction of unabsorbed docetaxel. After manual shaking and stirring with a glass rod for one minute, a 50 μL aliquot of the supernatant was collected from each beaker and stored at −80°C until assay of docetaxel by HPLC.

In vivo intestinal lymphatic uptake study in rats
-------------------------------------------------

The femoral vein was cannulated with a polyethylene tube (PE-50) under light ketamine anesthesia (50 mg/kg, intramuscularly). A small incision was made in the abdomen, the duodenum was located, and the docetaxel formulations were injected directly using a 1 mL syringe with a 31 gauge needle. The whole gastrointestinal tract was then carefully replaced in the abdominal cavity, and the incision was closed using clamps and kept moist by covering with gauze pads presoaked in normal saline. The rat was warmed using a lamp, and normal saline was then infused at a rate of 1.5 mL per hour during the experiment to rehydrate the rats. At 0.5 or 1.5 hours after administration of the docetaxel formulations (Taxotere, F1, or F2) at a dose of 10 mg/kg, the rats were sacrificed by cervical dislocation, and the mesenteric lymph node was isolated as reported previously.[@b34-ijn-9-495],[@b35-ijn-9-495] The mesenteric lymph nodes obtained were weighed and homogenized with four volumes of phosphate-buffered saline using a Polytron homogenizer (PT 3100D, Kinematica, Lucerne, Switzerland). After centrifugation, a 200 μL aliquot of homogenate was transferred to a new 2 mL tube, and 1.5 mL of methanol was added. The mixture was vortex-mixed for 3 hours, incubated for 30 minutes at 65°C, vortex-mixed, and centrifuged (16,000 × *g*, 10 minutes). The supernatant was then transferred to a new 1.5 mL tube and dried under a gentle stream of nitrogen gas at 40°C. Next, 100 μL of mobile phase was added to reconstitute the residue, and after centrifugation, 10 μL of supernatant was subjected to LC-MS/MS analysis.

In vivo pharmacokinetic study in rats
-------------------------------------

The femoral artery was cannulated with a polyethylene tube (PE-50; Clay Adams, Parsippany, NJ, USA) under light ketamine anesthesia (50 mg/kg, intramuscularly).[@b36-ijn-9-495] Taxotere and docetaxel-loaded SLNs at a dose of 20 mg/kg were administered orally to rats using a feeding tube after overnight fasting with free access to water. Blood samples approximately 200 μL in volume were collected via the femoral artery at 0 (control), and 15, 30, 45, 60, 75, 90, 120, 180, and 240 minutes after oral administration of the docetaxel formulations. An approximately 300 μL aliquot of heparinized 0.9% NaCl injectable solution (20 U/mL) was used to flush the cannula immediately after each blood sampling to prevent blood clotting. After centrifugation of the blood sample, a 100 μL aliquot of plasma sample was obtained. Acetonitrile (150 μL) containing 25 ng/mL of paclitaxel (internal standard) and 100 μL of 0.1% acetic acid were added to 100 μL of plasma sample. After vortex-mixing and centrifugation, 10 μL of supernatant was subjected to LC-MS/MS.

In vivo toxicity study in rats
------------------------------

The jejunum (approximately 5 cm) was removed 8 hours after oral administration of distilled water, Taxotere, or docetaxel-loaded SLNs. The segment was then washed with phosphate-buffered saline and fixed in 4% paraformaldehyde for 24 hours. A vertical section was prepared, stained with hematoxylin and eosin, and observed under a light microscope (×200).

HPLC and LC-MS/MS analyses of docetaxel
---------------------------------------

Concentrations of docetaxel were determined using LC-MS/MS (plasma and lymph node homogenate samples in oral study) or HPLC (other samples) methods as reported previously with slight modifications.[@b37-ijn-9-495] For LC-MS/MS analysis, 10 μL of the prepared samples were injected directly onto a C18 column (Symmetry BEH phenyl; 100 × 2.1 mm id; particle size, 1.7 mm; Waters, Milford, MA, USA). The mobile phase, 0.1% acetic acid:acetonitrile (50:50, v/v), was run at a flow rate of 0.3 mL per minute. An ABI/MDS Sciex model API 4000 triple quadrupole mass spectrometer (Framingham, MA, USA) was used. The source temperature was set at 150°C, the ion spray voltage was 5,000 V, the gases were set at 50 for the nebulizing and curtain gases, and at 20 and 50 for the auxiliary and CAD gases, respectively. The MS/MS transition of docetaxel measured was 808.4 → 527.4 and that of paclitaxel was 854.3 → 286.2. The detection limit of docetaxel in rat plasma was 1 ng/mL, based on a signal-to-noise ratio of 3. The interday and intraday coefficients of variation were each \<12.7%.

For HPLC analysis, 200 μL of methanol containing 5 μg/mL butyl 4 hydroxybenzoate (internal standard) was added to 100 μL of sample. After vortex-mixing and centrifugation, the supernatant was collected and dried (Dry Thermobath; Eyela, Tokyo, Japan) under a gentle stream of nitrogen gas at 40°C. Next, 100 μL of mobile phase was added to reconstitute the residue, and after centrifugation, 50 μL of supernatant was injected directly onto a C18 column (Symmetry; 300 × 4.6 mm id; particle size, 5 mm; μ bondapak; Waters). The mobile phase, ie, distilled water:acetonitrile (55:45, v/v), was run at a flow rate of 1.0 mL per minute with an ultraviolet detector at 230 nm and room temperature. The detection limit of docetaxel was 50 ng/mL, based on a signal-to-noise ratio of 3. The interday and intraday coefficients of variation were each \<10.8%.

Pharmacokinetic analysis
------------------------

The total area under the plasma concentration-time curve from time zero to time infinity (AUC) was calculated using standard software (WinNonlin; Pharsight Corporation, Mountain View, CA, USA). The peak plasma concentration (C~max~) and time to reach C~max~ (T~max~) were read directly from the experimental data. The extent of relative oral bioavailability was calculated by dividing the AUC after oral administration of SLNs (F1 and F2) by the AUC after oral administration of Taxotere.

Statistical analysis
--------------------

A *P*-value\<0.05 was considered to be statistically significant using a *t*-test between the two means for the unpaired data or a Duncan's multiple range test of Statistical Package for the Social Sciences (version 18.0, SPSS Inc., Chicago, IL, USA) posteriori analysis of variance among the more than three means for unpaired data. All data are expressed as the mean ± standard deviation, except the median (range) for T~max~.

Results and discussion
======================

Characterization of docetaxel-loaded SLNs
-----------------------------------------

[Table 1](#t1-ijn-9-495){ref-type="table"} lists the particle size, polydispersity, zeta potential, drug EE, and LC of the drug-free (F1-blank and F2-blank) and docetaxel-loaded SLNs (F1, F2). F1 and F2 were of submicron particle sizes ranging from 189 nm to 215 nm and had high EEs ranging from 80.7% to 83.1%. The poly-dispersity indices ranging from 0.191 to 0.214 for the SLNs indicate that they are polydispersed systems having neither a very narrow (polydispersity index \<0.05) nor a very broad (polydispersity index \>0.7) size distribution. In general, a colloidal dispersion having an absolute zeta potential value \>30 mV could be stabilized by electric repulsion between particles.[@b35-ijn-9-495] Thus, the negative zeta potentials for the SLNs, ranging from −35.0 to −27.7 mV, could improve their physical stability. The particle size, polydispersity index, and zeta potential of the drug-free SLNs were not significantly different from those of the docetaxel-loaded SLNs. The size distributions and transmission electron microscopic images of docetaxel-loaded SLNs are shown in [Figure 1](#f1-ijn-9-495){ref-type="fig"}. Some spherical particles were observed, and their sizes seemed to be approximately 200--300 nm. However, no significant differences between F1 and F2 were observed regarding the above-mentioned characteristics.

In vitro drug release study
---------------------------

The release experiment was conducted under sink conditions, and a dialysis membrane was used to separate free drug from entrapped drug. Phosphate-buffered saline containing 0.5% (w/v) Tween 80 was used to dissolve the free docetaxel, a poorly water-soluble drug. The solubility of docetaxel in 0.5% (w/v) Tween 80 at 37°C was 52.3±7.16 μg/mL, which was sufficient to maintain sink conditions. [Figure 2](#f2-ijn-9-495){ref-type="fig"} shows the time profiles of in vitro release of docetaxel from Taxotere, F1, and F2 at 37°C in phosphate-buffered saline. Docetaxel release from SLNs was much slower than that of Taxotere. Drug release from orally administered SLNs occurs mainly via diffusion through the solid lipid matrix and/or lipid nanoparticle degradation in the gut.[@b38-ijn-9-495] Thus, the diffusion process through the solid lipid matrix might have resulted in the slower release of docetaxel from SLNs compared with Taxotere. However, there was no significant difference in docetaxel release between F1 and F2.

In situ closed-loop study in rats
---------------------------------

The fractions of docetaxel remaining 2 hours after injection of Taxotere and docetaxel-loaded SLNs in the rat jejunal, ileal, and colonic loops are shown in [Figure 3](#f3-ijn-9-495){ref-type="fig"}. The mean values of the remaining fractions of docetaxel after injection of Taxotere ranged from 72.8% to 79.0%, indicating limited intestinal absorption of docetaxel from Taxotere. It is known that intestinal Pgp-mediated efflux and poor water solubility are primarily responsible for the limited intestinal absorption of docetaxel.[@b13-ijn-9-495],[@b17-ijn-9-495] In the jejunal and colonic loops, the fractions of docetaxel remaining after F1 injection were significantly lower than that of Taxotere, indicating that F1 enhanced the intestinal absorption of docetaxel. Considering that Taxotere contains a high concentration of Tween 80 (54%, w/v), the enhanced intestinal absorption of docetaxel from F1, compared with Taxotere, seems to be attributable primarily to the lipid core (tristearin) of F1 rather than the emulsifier, Tween 80. It has been reported that oral SLNs can be absorbed as intact nanoparticles through Peyer's patches and microfold cells, mainly in the ileum and colon, which is generally accepted as the main oral absorption mechanism for other nanoparticles.[@b26-ijn-9-495] Moreover, oral SLNs may be digested in the intestinal fluid, and the lipid degradation products (fatty acids and monoglycerides or diglycerides) can promote intestinal drug absorption by formation of mixed micelles with bile acids and subsequent uptake into enterocytes.[@b38-ijn-9-495] Thus, tristearin nanoparticles could enhance the intestinal absorption of docetaxel by bypassing Pgp-mediated efflux via these mechanisms.

Interestingly, in the jejunal and ileal loops, the fractions of docetaxel remaining after injection of F2 were significantly lower than those of F1, indicating that F2 further enhanced the intestinal absorption of docetaxel. Because F1 and F2 contain the same tristearin lipid core, the further enhancement of intestinal absorption of docetaxel from F2 would seem to be attributable to the emulsifier, TPGS 1000. TPGS 1000 is a water-soluble derivative of natural vitamin E, consisting of a lipophilic head (D-α-tocopherol) and a hydrophilic tail (polyethylene glycol 1000).[@b27-ijn-9-495] It has been reported to inhibit Pgp-mediated efflux by ATPase inhibition with an IC~50~ value of 4.81±2.98 μg/mL.[@b39-ijn-9-495] Moreover, the absorptive transport of paclitaxel, a compound structurally similar to docetaxel, across rat ileum was markedly enhanced (by more than 4.7-fold) in the presence of 2--1,000 μg/mL TPGS 1000.[@b27-ijn-9-495] In addition to TPGS 1000, various other non-ionic surfactants, including Tween 80, have been reported to inhibit Pgp-mediated efflux activity.[@b40-ijn-9-495],[@b41-ijn-9-495] However, their Pgp inhibition characteristics may vary greatly with the type and concentration of nonionic surfactants and Pgp substrates. The IC~50~ values of TPGS 1000 and Tween 80 for the inhibition of Pgp-mediated efflux in Caco-2 cells have been reported to be 6 μg/mL and 200 μg/mL, respectively.[@b40-ijn-9-495] Moreover, the enhancing effects of 500 μg/mL Tween 80 on the absorptive transport of paclitaxel were only moderate (1.47-fold) in CaCo-2 cells and negligible in MDR1-MDCK cells.[@b42-ijn-9-495] Although the contents of Tween 80 and TPGS 1000 incorporated into docetaxel-loaded SLNs are unknown, further enhancement of intestinal absorption of docetaxel from F2 could have been due partly to greater Pgp inhibition by TPGS 1000 than by Tween 80. Taken together, the possible mechanisms for enhancement of intestinal docetaxel absorption by the SLNs include the cellular uptake of intact SLNs (into Peyer's patches and microfold cells) and/or lipid degradation product-based mixed micelles (into enterocytes) to bypass Pgp-mediated efflux (Taxotere versus F1) and the higher Pgp-inhibiting activity of TPGS 1000 compared with that of Tween 80 (F1 versus F2).

In vivo lymphatic uptake study in rats
--------------------------------------

To evaluate the intestinal lymphatic uptake of docetaxel from Taxotere and SLNs, the docetaxel content recovered from the mesenteric lymph node at 0.5 and 1.5 hours after intraduodenal administration of docetaxel formulations to rats was measured. At both time points, the docetaxel content of F1 and F2 was significantly higher than that of Taxotere, while there was no significant difference between F1 and F2 with regard to the docetaxel content recovered from mes-enteric lymph nodes ([Figure 4](#f4-ijn-9-495){ref-type="fig"}). These results suggest that tristearin nanoparticles may enhance the lymphatic uptake of docetaxel. It is well established that oral SLNs facilitate the lymphatic uptake of drugs (eg, lopinavir, tobramycin, and methotrexate), mainly via chylomicron formation.[@b23-ijn-9-495],[@b24-ijn-9-495],[@b43-ijn-9-495] In particular, tristearin nanoparticles have been reported to be effective in enhancing the lymphatic uptake of oral methotrexate.[@b24-ijn-9-495]

In vivo pharmacokinetic study in rats
-------------------------------------

[Figure 5](#f5-ijn-9-495){ref-type="fig"} shows the time profiles for arterial plasma concentrations of docetaxel after oral administration of Taxotere, F1, and F2 at a dose of 20 mg/kg in rats. The relevant pharmacokinetic parameters of docetaxel are listed in [Table 2](#t2-ijn-9-495){ref-type="table"}. Oral docetaxel doses of 10--30 mg/kg were used in previous studies of the oral delivery of docetaxel.[@b13-ijn-9-495],[@b15-ijn-9-495],[@b37-ijn-9-495] Moreover, doc-etaxel has been reported to exhibit linear pharmacokinetics at intravenous doses of 2--20 mg/kg and oral doses of 20--100 mg/kg.[@b37-ijn-9-495] Thus, 20 mg/kg oral doses were used.

After oral administration, the AUC, C~max~, and F values of the three docetaxel formulations were significantly different, in the following order: F2 \> F1 \> Taxotere. Moreover, the T~max~ values of F1 and F2 were relatively delayed compared with Taxotere, indicating prolonged systemic exposure. The results in [Figures 3](#f3-ijn-9-495){ref-type="fig"} and [4](#f4-ijn-9-495){ref-type="fig"} suggest that the SLN formulations enhance the oral bioavailability of docetaxel by facilitating intestinal absorption and lymphatic uptake. In particular, the enhanced lymphatic uptake of docetaxel can reduce CYP3A-mediated hepatic first-pass metabolism and improve oral bioavailability, because intestinal lymph vessels drain directly into the thoracic duct, and then into the venous blood, bypassing the portal circulation.[@b44-ijn-9-495]

A good correlation between the fraction of the oral dose absorbed in rats and humans has been reported.[@b45-ijn-9-495] Moreover, there is a similar level of Pgp expression and overlapping substrate specificity with quantitatively similar affinities for many Pgp substrates in rat and human MDR1.[@b46-ijn-9-495] Sequential homologies of CYPs (including CYP3A) between rats and humans are also high (more than 70%); there are generally conserved regions (for cytochrome P450 reductase, heme, and signal peptide) that increase this similarity.[@b47-ijn-9-495] Thus, these in situ and in vivo rat data may predict the intestinal absorption and oral bioavailability of docetaxel in humans.

In vivo toxicity study in rats
------------------------------

The toxicity of docetaxel-loaded SLNs in rat intestinal mucosa was evaluated by histological staining. As shown in [Figure 6](#f6-ijn-9-495){ref-type="fig"}, there was no evidence of damage to the intestinal wall, such as villi fusion, occasional epithelial cell shedding, and congestion of mucosal capillary with blood and focal trauma, in the parts of the jejunum examined. There was no discernible difference between the control (phosphate-buffered saline), Taxotere, and SLN groups ([Figure 6A](#f6-ijn-9-495){ref-type="fig"}--[D](#f6-ijn-9-495){ref-type="fig"}).

Conclusion
==========

SLNs surface-modified by Tween 80 or TPGS 1000 were prepared and evaluated in terms of their feasibility as oral delivery systems for docetaxel. Tween 80-emulsified and TPGS 1000-emulsified tristearin-based lipidic nanoparticles were prepared by a solvent-diffusion method, and their particle size distribution, zeta potential, drug loading, and particle morphology were characterized. The in vitro release study showed a sustained-release profile of docetaxel from the SLNs, compared with an intravenous docetaxel formulation (Taxotere). The Tween 80-emulsified SLNs showed enhanced intestinal absorption, lymphatic uptake, and relative oral bioavailability of docetaxel in rats compared with Taxotere. These results may be attributable to the absorption-enhancing effects of the tristearin nanoparticle system. Moreover, compared with Tween 80-emulsified SLNs, the intestinal absorption and relative oral bioavailability of docetaxel in rats were further improved in TPGS 1000-emulsified SLNs, probably due to higher inhibition of drug efflux by TPGS 1000 along with intestinal lymphatic uptake. Taken together, it is worth noting that the surface-modified SLNs developed in this study may serve as efficient oral delivery systems for docetaxel.
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![Size distributions (left) and transmission electron microscopic images (right) of docetaxel-loaded SLNs (F1 and F2).\
**Note:** Scale bars represent 1 μm.\
**Abbreviation:** SLN, solid lipid nanoparticle.](ijn-9-495Fig1){#f1-ijn-9-495}

![Time profiles for in vitro release of docetaxel from Taxotere (●), F1 (○), and F2 (▼) at 37°C in phosphate-buffered saline.\
**Notes:** Vertical bars represent standard deviation; n=4.](ijn-9-495Fig2){#f2-ijn-9-495}

![Remaining fractions of docetaxel at 2 hours after injection of Taxotere® (Sanofi SA, Paris, France), F1, and F2 into rat jejunum, ileum, and colon loops.\
**Notes:** \*Significantly different from Taxotere (*P*\<0.05); ^\#^significantly different from F1 (*P*\<0.05); vertical bars represent standard deviation; n=3--4.](ijn-9-495Fig3){#f3-ijn-9-495}

![Amount of docetaxel recovered from the mesenteric lymph nodes at 0.5 and 1.5 hours (h) after intraduodenal administration of Taxotere® (Sanofi SA, Paris, France), F1, and F2 at a dose of 10 mg/kg.\
**Notes:** \*Significantly different from Taxotere (*P*\<0.05); vertical bars represent standard deviation; n=4.](ijn-9-495Fig4){#f4-ijn-9-495}

![Time profiles of arterial plasma docetaxel concentrations after oral administration of Taxotere® (Sanofi SA, Paris, France) (•), F1 (○), and F2 (▼) to rats at a dose of 20 mg/kg.\
**Notes:** Vertical bars represent standard deviation; n=4.](ijn-9-495Fig5){#f5-ijn-9-495}

![Representative histological sections of jejunal segments at 8 hours after oral administration of phosphate-buffered saline (**A**), Taxotere® (Sanofi SA, Paris, France) (**B**), F1 (**C**), and F2 (**D**) to rats.\
**Note:** Scale bars represent 100 μm.](ijn-9-495Fig6){#f6-ijn-9-495}

###### 

Physical properties of drug-free (F1-blank and F2-blank) and docetaxel-loaded SLNs (F1 and F2)

  Physical property           F1-blank       F1             F2-blank       F2
  --------------------------- -------------- -------------- -------------- --------------
  Particle size (nm)          178±14.5       215±27.1       155±18.9       189±17.0
  Polydispersity index        0.271±0.0560   0.191±0.0365   0.201±0.0377   0.224±0.0315
  Zeta potential (mV)         −22.6±6.95     −27.7±5.03     −25.8±5.68     −35.0±4.41
  Entrapment efficiency (%)                  80.7±11.5                     83.1±5.25
  Loading content (%)                        5.10±0.695                    5.25±0.625

**Notes:** Values are expressed as the mean ± standard deviation; n=3.

**Abbreviation:** SLNs, solid lipid nanoparticles.

###### 

Pharmacokinetic parameters of docetaxel after oral administration of Taxotere®, F1, and F2 at a dose of 20 mg/kg to rats

  Parameter           Taxotere                                               F1                                                    F2
  ------------------- ------------------------------------------------------ ----------------------------------------------------- --------------------------------------------------------
  AUC (μg ⋅ min/mL)   3.85±0.907[\*](#tfn4-ijn-9-495){ref-type="table-fn"}   6.99±1.84[\*](#tfn4-ijn-9-495){ref-type="table-fn"}   12.9±2.25[\*](#tfn4-ijn-9-495){ref-type="table-fn"}
  C~max~ (μg/mL)      0.0560±0.00612                                         0.0780±0.0103                                         0.128±0.0262[\*](#tfn4-ijn-9-495){ref-type="table-fn"}
  T~max~ (minutes)    15 (15--30)                                            45 (30--45)                                           45 (30--45)
  Relative BA (%)     100                                                    182                                                   335

**Notes:** Values were expressed as the mean ± standard deviation except median (ranges) for T~max~; n=4.

Significantly different from the other groups (*P*\<0.05).

**Abbreviations:** AUC, total area under the plasma concentration-time curve from time zero to time infinity; C~max~, peak plasma concentration; T~max~, time to reach C~max~; relative BA, extent of relative oral bioavailability.
